Abstract Xyleborini are a species-rich tribe of ambrosia beetles, which are haplodiploid and typically mate among siblings within their natal brood chamber. Several characteristics of this tribe would predict the evolution of higher levels of sociality: high genetic relatedness within galleries due to inbreeding, high costs of dispersal and the potential benefit of cooperation in brood care within the natal gallery (e.g. by fungus gardening, gallery extension, offspring feeding and cleaning). However, information on the social system of these beetles is very limited. We examined the potential for cooperative breeding in Xyleborinus saxeseni by monitoring dispersal in relation to brood size and composition. Results show that adult female offspring delay dispersal despite dispersal opportunities, and apparently some females never disperse. The females' decision to stay seems to depend on the presence of eggs and dependent siblings. We found no indication that female offspring reproduce in their natal gallery, as colonies with many mature daughters do not contain more eggs than those with few or no daughters. There is a significant positive relationship between the number of females present and the number of dependent siblings (but not eggs), which suggests that cooperative brood care of female offspring raises colony productivity by improving survival rates of immatures. Our results suggest that cooperative breeding is likely to occur in X. saxeseni and possibly other xyleborine species. We argue that a closer look at sociality within this tribe may yield important information on the factors determining the evolution of cooperative breeding and advanced social organization.
Introduction
Advanced social organization and cooperative breeding have been described for a wide range of animal taxa. Eusociality involving complete reproductive skew between classes of individuals (a single reproductive individual and a number of non-reproductive helpers) can be regarded as one extreme in a continuum of cooperative breeding in animals (Sherman et al. 1995) -the other end of the continuum being the equal share of reproduction between individuals of a society. For decades, research on social evolution in invertebrates and vertebrates has addressed different questions. Studies on vertebrate social systems mainly investigated ecological factors responsible for cooperative breeding, whereas for invertebrates, the original focus was on kin selection benefits and relatedness asymmetries due to haplodiploidy-mainly in the context of eusociality. However, eusociality has been discovered in a variety of widely distinct taxa (see Aoki 1977; Alexander et al. 1991; Kent and Simpson 1992; Crespi 1992; Duffy 1996; Thorne 1997) , many of which are not haplodiploid. Therefore, there is increasing interest to develop a general framework of social evolution that includes both invertebrates and vertebrates (Roisin 1999) . Most research on the evolution of social systems has focused on variation of phenotypes within social species. However, to truly understand the selective forces involved at the origin of sociality, comparative studies on social and non-social sister taxa are essential (see Crespi and Choe 1997) . In this study, we examine several life-history characteristics in a species of Xyleborini (Scolytidae), an entirely haplodiploid tribe of fungus-cultivating beetles ("ambrosia beetles"). A closer investigation of this tribe, which may display both social and non-social sister taxa, will be particularly useful for understanding the relative importance of ecological and life-history characteristics involved in the transition from solitary to cooperative breeding and advanced sociality.
Insect fungus cultivation requires continuous maintenance, which may be accomplished more easily by the cooperation of labourers instead of the sole effort of a single mother. The great potential of cooperative agriculture is reflected by the enormous productivity of leaf-cutter ants in the neotropics and macrotermitine termites in the palaeotropics (Bignell and Eggleton 2000; Aanen et al. 2002) . Whereas all species in these taxa are eusocial (Aanen et al. 2002) , eusociality has been suggested only for one species of ambrosia beetle up to now (Kent and Simpson 1992) and not for any member of the Xyleborini. However, these beetles also cultivate fungus, and all ambrosia beetles show intensive parental care by one or both parents (Kirkendall et al. 1997) . Participation by adult offspring in raising siblings could increase brood care efficiency in this group due to the maintenance requirements of fungi without using up the required substrate, as large dead trees are an abundant resource for these small beetles once colonized (size range of one to a few millimetres).
Within the ambrosia beetles, the tribe Xyleborini is the largest, including more than 1,200 species (Normark et al. 1999) . Their rapid diversification may have resulted from the combined action of inbreeding and fungus cultivation (Jordal et al. 2000) . The use of fungi makes it possible to use a great variety of plant taxa, and inbreeding confers a colonization advantage and promotes reproductive isolation. The entire tribe exhibits haplodiploid sex determination and is characterized by high levels of inbreeding (Kirkendall 1993; Normark et al. 1999; Peer and Taborsky 2005) . Sex ratios are highly female-biased, and sexual dimorphism is pronounced, with males generally being smaller than females, having reduced eyes and nonfunctional flight wings. Mating takes place almost exclusively between siblings within the natal brood chamber (but see Peer and Taborsky 2004) . If the negative effects of competition between kin do not increase at a similar or even higher rate as the positive effects of cooperation (West et al. 2002) , the overall high relatedness in these beetles could predispose the whole tribe to the evolution of cooperative breeding.
Instead of classifying social groups into descriptive categories, it may be more useful to examine an individual's decisions and their ecological correlates within a "social trajectory" (Helms Cahan et al. 2002) . Constraints on independent reproduction and benefits of philopatry can be seen as two sides of the same coin (Koenig et al. 1992; Emlen 1994) . Three key decisions are involved in becoming social: whether or not to disperse, whether or not to breed in the natal group and whether or not to cooperate in raising offspring. At each decision point, individuals should be selected to weigh the costs and benefits of alternative strategies.
If the probability of independent reproduction is relatively low, on average, it may be more profitable to remain in the natal gallery and to help in raising siblings until resource deterioration sets an end to brood production. As ambrosia beetles usually depend on the presence of freshly dead trees for gallery initiation, successful host location is unpredictable. In addition, their small size makes them extremely vulnerable to predation or adverse environmental conditions like strong winds during dispersal. Once a suitable host tree has been detected, a foundress must excavate a gallery and overcome remaining tree defence mechanisms like resins. Then she must successfully establish the ambrosia fungus within the gallery before she can start oviposition. The whole process is time-consuming and risky. Multiple founding of galleries has never been observed in this species. Helping in an already established, productive gallery is likely to be an advantageous alternative to individual gallery foundation (see Gadagkar 1990) . Therefore, higher levels of sociality should be expected in many xyleborine species, depending on characteristics of their ecology and intrinsic life-history traits.
The aim of this study was to examine life-history traits in Xyleborinus saxeseni, a likely candidate for cooperative breeding because of its large brood sizes and long-lasting colonies. Specifically, we tested three predictions concerning the three main decisions about dispersal, breeding and helping:
(1) Do females delay dispersal? If they do so, adult female offspring should be present in galleries despite existing dispersal opportunities. (2) Do females reproduce in their natal colony? If females refrain from reproduction in natal galleries, the number of eggs should not increase with the number of adult female offspring in the gallery. (3) Do females help to raise their dependent siblings in the natal galleries? If females show alloparental care, the presence of adult female offspring should increase colony productivity.
Materials and methods

Study system
The study was conducted in forests surrounding Berne, Switzerland, from April 2001 until June 2002. X. saxeseni is one of seven xyleborine ambrosia beetle species in Europe (Schwenke 1974) . After dispersal flight, each founding female initiates a gallery in a freshly dead treepreferably in crevices in the bark-and cultivates ambrosia fungus (Ambrosiella sulfurea) on the surface of the gallery walls. After the fungus has started to grow, she starts oviposition. In contrast to many other xyleborine species, the eggs are not laid in separate branches of the main tunnel, but all offspring develop together in one central brood chamber in close contact with each other. All offspring feed on the ambrosia fungus (Fischer 1954) . Brood sizes are large, reaching several hundred in some cases, and overwintering may take place at all stages from egg to adult (Fischer 1954) . Earlier anecdotal observations suggest that the foundress excavates a small initial chamber, which is then extended by adult female offspring and perhaps also by larvae (Eichhoff 1881; Hopkins 1898). This has been confirmed by preliminary lab observations of specimens bred in artificial medium (P. Biedermann, personal communication) . No morphological differences between foundress and daughters could be detected (unpublished data). It is unlikely that males play a significant role in gallery maintenance because of the strong sexual dimorphism and the small number of males (sex ratios on average amount to 1:20; unpublished data). Dispersing females are already fertilized and found new colonies, whereas males die in their natal gallery after mating (Hopkins 1898; Hosking 1972) .
Dispersal monitoring
The pattern of dispersal activity in a species provides information about dispersal options of individuals throughout the year. We monitored the dispersal flight of X. saxeseni by setting up 11 ethanol-baited traps in three different forests.
Dispersing females use ethanol vapour from decaying wood to locate suitable host trees. Individuals captured in the traps can thus be assumed to be dispersing individuals attempting to establish their own gallery. The traps were checked twice a week throughout the season, i.e. from April to October. In addition, dispersal from individual galleries was monitored using "emergence" traps. Small plastic vials with a hole in the bottom were attached to the entrance holes of galleries (for details, see Peer and Taborsky 2004) . Dispersing individuals were trapped in these vials, and the traps were also checked twice a week. The number of individuals was divided by the number of days since the last check to obtain mean daily dispersal rates.
Gallery surveillance
To evaluate gallery success, opportunity for cooperative brood care (overlap of generations) and potential benefits of helping behaviour (increased productivity), brood size and composition (age classes) were recorded at different stages of gallery development.
Throughout the study period, we marked and numbered gallery entrances in standing dead trees. Each gallery was checked every 3 to 8 days throughout the study period either until dissection (see below) or until gallery failure was determined. At each check, the presence of a female blocking the gallery entrance (usual behaviour for all bark and ambrosia beetles) and the presence and amount of fresh sawdust and debris in and around the entrance hole were recorded. If there was no sign of activity for several weeks and/or the entrance tunnel was overgrown with fungus, a gallery was classified as failed. Failure was confirmed by dissection of a sample of those galleries (as described below). At galleries with emergence traps, we collected ejected frass and recorded its amount and composition (fresh sawdust, faeces, fungal debris and sometimes dead body parts) to obtain a rough estimate of the size and stage of these colonies. Galleries were carved out and dissected at regular intervals (on average, ten galleries per month) so gallery composition (number of individuals and their age stages) could be determined at different stages and at different times of the year. For sampling, small blocks of wood containing the gallery were removed using hammer and chisel.
In the lab, these blocks were carefully split apart, and gallery composition was recorded. We distinguished between three different larval stages based on estimates of the head capsule diameter (Fischer 1954; Hosking 1972) . The age of adult individuals can be roughly estimated based on coloration. Freshly eclosed individuals are very pale, attaining their black coloration after several days to a few weeks; thus, we distinguished between young (pale) and old (black) adult females. Because of the small size and delicate nature of the beetles, they were often damaged or killed during sampling. We found that it was physically almost impossible to extract a block of wood with a diameter of a few centimetres and a depth of up to 10 cm from a log without damage. Thus, in many cases, it could not be determined with certainty whether individuals found dead in the gallery had died already before the extraction. However, in some galleries, undamaged but decaying beetles were found packed in debris and confined to certain areas of the gallery (described as "death chambers" by Hopkins 1898). In these galleries, the presence and number of individuals that had died before excavation and without the observer's influence could be unequivocally determined. From galleries equipped with an emergence trap, we also obtained data on dispersing individuals.
Sample sizes
Gallery composition could only be determined at a single point in time for each gallery because of the destructive nature of the sampling process (gallery dissection). As data selection for various analyses was often dependent on gallery composition, which was unknown before sampling, sample sizes differed between individual analyses (Fig. 1) . In total, 407 galleries on ten different trees were marked and monitored. Of these, 102 galleries were dissected. Ninety-two (90%) of the dissected galleries originated from five trees; the remaining 10% were distributed over five further trees. For 39 galleries, we recorded the distance between the gallery entrance and the nearest neighbour gallery as a measure of density. For analyses concerning the potential helping behaviour (opportunities for cooperative brood care, gallery productivity and multiple egg laying), we included only galleries that had produced at least one offspring until the time of dissection (n=72).
Fifty-eight of the galleries were equipped with emergence traps before dissection, thus yielding information about dispersal. For analyses about dispersal patterns and cues, only galleries where dispersal could potentially occur (i.e. where adult female offspring were present or had already dispersed at the time of dissection) were used (n= 28). The relatively small sample of galleries where adult female offspring were present before dispersal had started (n=8) is due to the limited information about gallery composition before sampling.
Statistical analyses
For certain analyses (as indicated by the terms used in the "Results"), different age cohorts were grouped to reduce the number of variables contained in the models: all larval stages were pooled to obtain the total number of larvae; larvae and pupae were pooled to represent the number of dependent siblings/brood; and the total number of adult females was calculated including both young and old females.
The raw data on counts of individuals at different stages were not normally distributed (one-sample KolmogorovSmirnov test). Therefore, we used non-parametric statistics Only subsamples in bold were used in the analyses to test for correlations between different stages. To identify important predictors for the occurrence of dispersal, we performed a forward stepwise logistic regression with binomial error distribution. Dispersal rate and female effect on gallery productivity were analysed using multiple linear regressions. The residuals did not deviate from a normal distribution (p>0.05, one-sample Kolmogorov-Smirnov test). All analyses were performed with SPSS (release 11.0, ©SPSS, 1989 (release 11.0, ©SPSS, -2001 .
Results
Life history
Dispersal pattern
Population-wide dispersal activity ranged from April to September. There was a dispersal peak in spring, but flight activity continued until autumn (Fig. 2) . More than 40% of females dispersed before or after the peak dispersal time in June. The occurrence of dispersal throughout the season was confirmed by dispersal data from galleries where dispersal had already started. Neither the onset of dispersal nor the average number of dispersing individuals showed a single peak (Fig. 3) . However, during winter (October to March), there was no indication of dispersal from both trap and gallery data. These data show that dispersal (and thus colony foundation) is possible at any time from late spring to early fall (April through September).
Dispersal success can be estimated using the failure rate of marked initiated galleries, which can be regarded as attempts at colony foundation. Of 408 galleries marked on ten different trees, 322 (79%) had either failed by the end of the study period (e.g. death of foundress, no ambrosia growth or contamination with other fungi) or had produced no offspring by the time of dissection. This measure of dispersal success is conservative, as we do not have data on mortality during dispersal flight itself or on potential gallery failure after the end of the study period or the time of dissection. Thus, it is likely that less than about 10% of all dispersing females succeed in gallery establishment and the raising of their own broods.
In eight galleries, the presence of dead adult female offspring that had not dispersed (on average, 12 individuals) could be determined at the time of dissection (i.e. we could exclude the possibility that they had died because of damage during gallery dissection). In four of these eight galleries, dispersal had been monitored beforehand. In these, 25 ± 17% (mean±SD) of all females produced (including those that had already dispersed) were dead. Two of these galleries were empty, except for the dead females, indicating completion of dispersal and the end of gallery life. They contained 13 and 12 dead females and had produced 38 and 104 dispersing females, respectively, during 1 year of monitoring their dispersal patterns. These numbers suggest that relatively large proportions of females may never disperse.
Opportunities for cooperative brood care
We examined whether females would have opportunities to gain inclusive fitness benefits by delayed dispersal. A precondition for cooperative brood care is that adult females and immature siblings must co-occur within galleries. For an analysis of co-occurrence, all data on gallery composition from October until April were pooled because low winter temperatures lessen the likelihood of changes in gallery composition. Total brood size was lowest in June, implying that most galleries were founded during this month. It gradually increased until August, when mean total brood size of dissected galleries was highest, before decreasing steadily until the following June (Fig. 4) . This decrease was not due to female mortality, as dead individuals were included in the respective estimates. Instead, it may have been caused by the progressive dispersal of old female offspring. Our results show that all age stages, including adult females and dependent offspring such as eggs, larvae and pupae, were simultaneously present within galleries throughout the year. Gallery composition with and without adult female offspring is shown in the Appendix. After maturation of the first female offspring, immature offspring of different ages-and thus opportunities for providing brood carewere present in 37-69% of the galleries (number depending on age cohort). The mean number of immature individuals was higher with adult females present than without (see Appendix).
These results demonstrate that adult female offspring have the opportunity either to disperse throughout the season or to raise siblings within their natal gallery. This raises the question as to which factors may lead to their eventual dispersal.
Determinants of dispersal propensity
Females should time their dispersal depending on the relative benefits of staying in their natal gallery and dispersing to found their own gallery. We searched for predictors of female dispersal at galleries where adult female offspring were present. We performed a forward conditional logistic regression using the number of individuals from egg to pupal stages at the time of gallery dissection as explanatory variables. The two variables included in the final model were number of eggs (Δ deviance=6.05, p=0.014) and number of the youngest larval stage L1 (Δ deviance=4.48, p=0.034). These are the youngest age cohorts, which are likely to be influenced by egg production more than by received brood care. The likelihood of dispersal to have already started increased with decreasing numbers of eggs and L1, i.e. with decreasing brood production (Fig. 5) . More galleries have initiated dispersal after brood production has ceased. The graph shows the relationship between the probability of onset of dispersal at a gallery and the number of eggs inside the gallery (logistic regression line: ln(p)=2.201−2.212×eggs, n=28 galleries). In the final model, the youngest larval stage was also included
Once dispersal had started, the number of dependent brood (larvae and pupae) in the gallery was significantly related to dispersal rate: there was a negative relationship between the sum of all dispersed females and the number of dependent siblings present at the time of dissection. The effect of colony size was accounted for by including the total number of old (sclerotized) females produced (still present plus dispersed) as a covariant (multiple regression; dependent siblings: t=−4.157, p=0.001; total number of old females: t=6.747, p<0.001; Fig. 6 ).
Potential roles of adult females in the colony
One potential benefit of delayed dispersal is participation in reproduction within the natal gallery. However, the number of eggs was negatively related to the number of old females present in a gallery (Spearman's r s =−0.24, p=0.042) and, although not significantly, to the total number of females present (Spearman's r s =−0.211, p=0.075; Fig. 7 ). These data are consistent with the hypothesis that usually only a single reproductive female (most likely the foundress) exists per colony, suggesting a maximal reproductive skew within galleries. Only one gallery (S2.29) contained a very high number of eggs (108), which may hint at an occurrence of egg laying by multiple females.
Another potential benefit of delayed dispersal is to help in raising relatives. If we are interested in the potential effect of adult females on the survival of siblings, we need to control for differences in the number of offspring produced in a gallery. Therefore, we included the number of individuals contained in the age class preceding the target age class (i.e. the dependent variable) as a covariate in the analysis. Only galleries where the age cohort under examination was Table 1 Results of a multiple regression analysis testing for a relationship between the number of females present in a colony and the number of dependent siblings (larvae and pupae)
The age cohorts preceding the respective dependent stage (number of eggs for the larval stage and number of larvae for the pupal stage) were included as covariates. present were included. Both the total number of larvae and the number of pupae were significantly positively related to the number of females present in the gallery, independently of the number of individuals in the respective preceding age class (multiple regression; Table 1 , Fig. 8a,b) . This suggests that the presence of adult female offspring enhances survival of dependent siblings. In addition to this positive effect of adult females on sibling survival, differences in the intrinsic quality of galleries might influence the number of individuals in a gallery. If such significant habitat differences exist, the size of colonies (i.e. total number of individuals in a gallery) should correlate with colonization density. However, there was no correlation between colony size and the distance to the nearest gallery (Pearson's r=0.1, p=0.53, n =39).
Discussion
Our results show that adult females of X. saxeseni delay dispersal from their natal galleries after reaching adulthood, which is one of three key decisions an individual has to take in a social trajectory towards cooperative breeding. Furthermore, the data suggest that females do not reproduce in their natal gallery and that their presence enhances gallery productivity, which indicates helping behaviour.
In X. saxeseni, dispersal occurs (and hence is possible) at any time during summer and fall. However, throughout the year, a substantial number of adult female offspring remains in their natal gallery. The presence of dead females within galleries indicates that some individuals may entirely refrain from dispersal. Regardless whether the death of these females was caused by disease or other causes, they did not disperse, although they were physically ready to do so. Hosking (1972) also reported that in 10% of all galleries, dead individuals were present after completion of dispersal, without giving information on the proportion of dead females per gallery.
What is the reason that females delay dispersal after reaching sexual maturity? They might need to feed on ambrosia for some time after emergence to achieve sclerotization (as suggested by McNee et al. 2000 for phloem-feeding bark beetles). However, this would not explain the high proportion of dark (i.e. sclerotized) females in the colony (see Appendix). A further possibility would be that females accumulate energy reserves before dispersal. We have no information about body condition and dispersal success in X. saxeseni, but a lab study of a closely related species (Xylosandrus germanus) revealed that females successfully found new galleries without consuming food in their natal gallery after emergence from the pupal stage (Peer and Taborsky 2005) . Finally, it is unlikely that adult female offspring usually gain considerable direct fitness benefits through individual reproduction, as there was no positive relationship between the number of females and the number of eggs laid in a gallery. Data on ovarian development of adult female offspring are required to test this assumption, but preliminary results from dissections show that dispersing females usually do not have developed ovaries (Biedermann, personal communication) . Only a single, very large colony (with a total brood size of 291) contained a substantially larger number of eggs than all others, indicating an exceptional case where egg laying by female offspring may have occurred. As there are no obvious morphological differences between females (unpublished data), totipotency of females and some flexibility of the breeding system can be assumed.
Most galleries with adult female offspring also contained immature individuals, which may benefit from brood care Fig. 8 The number of dependent siblings is greater in galleries with a large number of adult females, which suggests a helper effect. The relationship is shown between the number of adult females present in a gallery and a the number of larvae (n=49 galleries) and b the number of pupae (n=31 galleries)
by their adult sisters (see Appendix). Our data suggest that dispersal starts when the production of new offspring ceases (i.e. when eggs and freshly hatched larvae are missing). We have no information about the cause of termination of egg laying, but it is possible that dehydration of the wood leads to deterioration of fungus, which will reduce the survival prospects of newly produced offspring. Fischer (1954) reported dispersal of X. saxeseni from logs that were dehydrated due to storage conditions, whereas there was no dispersal when logs were stored on moist ground. A similar situation was described for a drywood termite species: diminished resource availability resulted in helpers changing their tactic and becoming dispersing reproductives (Korb and Lenz 2004) . After the onset of dispersal from a gallery had started in X. saxeseni, the number of dependent offspring still present in the gallery was negatively related to the number of dispersers. This correlation may suggest that dispersal decisions depend on the amount of help needed in the natal gallery, but it may also be a fortuitous side effect if newly emerged adults remain in the nest for some other reason, and the number of dependent brood declines due to colony aging during the same time period. However, any coincidence between female dispersal and the number of siblings in need of help provides opportunities for positive fitness effects owing to cooperation. Positive effects of cooperative brood care are suggested by the significant relationship between the number of females in a gallery and the number of larvae and pupae. As there is no correlation with egg number, this suggests that adult female offspring generally do not produce own offspring but instead raise the probability of sibling survival. Colony size was not associated with colonization density, which makes it unlikely that site quality rather than the presence of females was responsible for the described relationship. Provided this interpretation will be confirmed by future studies, X. saxeseni can be viewed as a communal (cooperation in brood care) or cooperative breeder (alloparental brood care), following the classification of Crespi and Choe (1997) .
There are several potential tasks through which females may contribute to colony success. The ambrosia fungus is cultivated on the surface of the gallery walls (Hosking 1972; Kirkendall et al. 1997) . Excavation and enlargement of the brood chamber will increase the space and food resources available for larvae, thus creating benefits for relatives without increasing local competition. Enlargement of the gallery by adult offspring has been suggested for a number of xyleborine species (Saunders et al. 1967; Gagne and Kearby 1979; Schneider 1987; Merkl and Tusnadi 1992) including X. saxeseni (Hopkins 1898; Fischer 1954 ). In addition, ambrosia growth has to be controlled so that the fungus will not overgrow the whole chamber, and cropping by females or special secretions may play an important role (Hadorn 1933; Batra 1966) . Finally, eggs, larvae and pupae have to be cleaned, and faeces and other debris must be removed from the gallery (Kingsolver and Norris 1977) . Help by adult female offspring may allow the foundress to invest more energy into egg laying.
The contribution of female helpers needs to be quantified by behavioural observations in future studies of X. saxeseni. Direct observations in the field are impossible due to the concealed lifestyle of Xyleborini, but observations may be possible through cultivation in artificial medium in the lab (e.g. Roeper et al. 1980; Bischoff 2004) . We have been able to breed and observe a closely related species in artificial medium (X. germanus; Peer and Taborsky 2004) , where adult female offspring were found to spend a considerable proportion of time on cleaning behaviour before dispersal (Bischoff 2004) . Unfortunately, lab cultures of X. saxeseni were much less successful. Extensive attempts to optimize the culture medium have been minimally successful, and first qualitative observations confirmed that adult female offspring do indeed tend fungi in their natal gallery (P. Biedermann, personal communication).
Which factors may be important in the evolution of delayed dispersal and cooperative brood care in X. saxeseni and other Xyleborini? If population regulation is locally plastic, i.e. more altruistic patches consisting of cooperative individuals are able to sustain higher densities, limited dispersal and inbreeding can favour altruism (e.g. Taylor 1992a,b; Mitteldorf and Wilson 2000) . This situation applies to the Xyleborini, as an enlargement of brood chambers by adult offspring would permit larger brood sizes. Inbreeding strongly affects population structure by decreasing within-family variance and selection, whereas increasing between-family variance (Wade 1980) . Therefore, inbreeding is predicted to enhance the evolution of social behaviour through group selection (see also Wilson 2001) . In line with this prediction, intense inbreeding has been found at the origin of eusociality in gall-inducing thrips (Chapman et al. 2000) , and eusocial aphid colonies constitute a single clone because they are derived from a single foundress (e.g. Aoki 1977) . Similarly, eusocial naked mole rats, social spider mites and social spiders are characterized by high levels of inbreeding (Reeve et al. 1990; Smith and Hagen 1996; Saito 1997) . In Xyleborini, levels of inbreeding are likely to be extremely high owing to their mating system (e.g. inbreeding coefficients of about 0.9 in X. germanus, own unpublished genetic data), probably comparable to those of eusocial thrips. Because of these high levels of inbreeding, which reduce relatedness asymmetries caused by haplodiploidy and increase overall relatedness, there may be little or no conflict over reproduction within xyleborine colonies.
The costs and benefits associated with the decisions of dispersal, individual reproduction and helping are largely determined by ecological factors. In X. saxeseni, constraints on individual reproduction are probably severe because a risky dispersal flight is required, and finding a suitable host location is uncertain. In addition, our data suggest that already-initiated galleries have a failure rate of 80%. Hosking (1972) also reported very high failure rates (40-60%). It remains to be determined whether this rate differs between xyleborine species. X. saxeseni appears to be particularly selective regarding the required condition of host trees: it preferentially colonizes very recently dead trees that are often still standing (personal observation). This apparent selectivity may decrease the chances of finding a suitable host. Furthermore, the rather deep penetration of the entrance tunnel into the wood compared to other temperate Xyleborine species may require large initial investment for gallery construction and thus increase the cost of dispersal.
In ambrosia beetles, potential benefits of helping in the natal gallery are associated with the cultivation of fungus. This is a universal habit of all xyleborine species, and cooperative breeding may be a widespread phenomenon among them. A critical ecological factor determining the social system is probably gallery longevity: if brood chambers persist long enough to allow overlap between immature and mature offspring, helping in the natal gallery can be a profitable alternative to dispersing (Kirkendall et al. 1997) . The galls of eusocial, gall-forming thrips are longer-lived than those of nonsocial species (Crespi and Mound 1997) . The only species of ambrosia beetle that has been suggested to be eusocial, Austroplatypus incompertus, is special among these beetles, as it attacks live trees, and a colony may persist more than 30 years within a living tree (Kent and Simpson 1992) . X. saxeseni has been reported to sometimes attack live trees (Hopkins 1898; Fischer 1954) , and its entrance tunnels can lead several centimetres into the inner wood of a tree. This is likely to enhance the temporal stability of the brood chamber for two reasons: dehydration proceeds from the periphery towards the centre of a log, and thus, fungus growth in deeply excavated burrows may be maintained for a longer period of time. Furthermore, the insulating effects of the wood will protect the brood chamber from very low temperatures during winter, so that overwintering is also possible for immature offspring (Fischer 1954) . A prolonged phase of fungus growth and brood production together with cooperative brood care by adult offspring might also explain the unusually large brood sizes of X. saxeseni compared to those of other European Xyleborini (Hosking 1972) .
The rapid radiation of the Xyleborini together with their ecology and high sociality potential makes this tribe a promising candidate for future studies of the evolution of cooperative breeding and eusociality. The recent clarification of the phylogeny of these beetles and the coevolution with their fungal symbionts (Normark et al. 1999; Jordal et al. 2000; Farrell et al. 2001) provide an ideal background for comparative studies of the relative influence of various ecological factors on the evolution of cooperative breeding. Gallery composition in the presence (n=41) and absence (n=31) of adult female offspring (i.e. excluding the colony foundress). Only galleries that had produced any offspring at the time of dissection are included. For each age cohort, the mean number of individuals per colony is given together with the percentage of galleries in which this age cohort was found. L1-L3=the three larval stages.
